Abstract. We carried out a set of experiments in a small clear-water lake in northern Sweden during summer 2010 to assess the effect of organic C (OC) released from epipelic algae on pelagic bacterial production (BP). The release rate of OC (dissolved and particulate) from epipelic algae was ,45.4 ng C m 22 h 21 . Bacterioplankton uptake of dissolved OC was P-limited, and pelagic primary production (PP) was colimited by N and P. Pelagic BP (3.2 6 6 mg C L 21 h
Benthic and pelagic habitats are major parts of lake ecosystems. Transfer of elements and energy between these habitats occurs both downward (sedimentation and biological uptake from the water column by benthic organisms) and upward (nutrient release, gas diffusion, resuspension, and feeding of pelagic organisms on benthic resources). Primary production (PP) can take place in both habitats. Whole-lake PP often is dominated by benthic algal production in shallow clear-water lakes, whereas pelagic PP dominates in eutrophic deep clear-water lakes (Ask et al. 2009a , Vadeboncoeur et al. 2008 .
Heterotrophic bacteria also constitute an important resource for higher trophic levels, especially in unproductive clear-water and humic lakes (Jansson et al. 2007 ). In humic lakes, bacterial production (BP) often greatly exceeds PP, so a large part of BP probably is supported by allochthonous organic C (OC; Faithfull et al. 2011) . In clear-water lakes, where input of allochthonous OC is low, pelagic BP can exceed pelagic PP (Karlsson et al. 2001) , so the C support for pelagic BP must have come from allochthonous sources or from the sediment.
The effects of allochthonous OC on pelagic BP are well studied (Jansson et al. 2000 , Lennon and Pfaff 2005 , Kritzberg et al. 2006 ), but the extent to which OC from benthic algae supports pelagic BP is less understood. Sediments in clear-water lakes release OC to lake water (Jansson 1979, Karlsson and Sä wströ m 2009) , and this release is mediated by epipelic algae (Jansson 1980 , Kaplan and Bott 1982 , Hopkinson et al. 1998 . Bacterioplankton use OC from benthic algae (Kamjunke et al. 2006) . Thus, benthic algae may support a significant portion of pelagic BP in shallow clear-water lakes. Growth of bacterioplankton in lakes may be limited by inorganic nutrients or constrained by OC (Vadstein 2000 , Faithfull et al. 2011 . Moreover, bacterial uptake of OC from different sources, including benthic algal exudates, may be hampered by low inorganic nutrient availability in the pelagic habitat.
We carried out a series of experiments to test 3 hypotheses: 1) epipelic algae release OC to lake water, 2) inorganic nutrient limitation restricts bacterioplankton consumption of OC in lake water, 3) algal OC and nutrient addition will result in a moderate stimulation of pelagic BP in lake water in contact with growing benthic algae. We carried out the experiments in the laboratory and in one small clear-water lake in northern Sweden.
Methods

Study area
Lake 6 is a small (5.2 ha), subarctic, clear-water lake in northern Sweden (lat 68u10 9 18 0 N, long 19u49 9 34 0 E, 445 m asl) with a maximum depth of 4.4 m and a mean depth of 1.7 m (Karlsson and Byströ m 2005) . The lake has a soft, highly organic bottom primarily covered by benthic diatoms and cyanobacteria. In 2010, we conducted 2 short-term laboratory experiments (June and July) with water and sediments from the lake and 1 field experiment (July) in mesocosms installed in the lake. We detected no thermal stratification (temperature change .0.5uC/m depth) in the shallow area of the lake where the experiments were conducted (depth , 1.5 m), so we treated the water samples as homogeneous and representative of the water column. Lake water temperature ranged from 13.1 to 14.5uC during the study.
Laboratory experiment 1
We used 14 C as a tracer to estimate the release of OC from the benthic algae to the overlying water. We collected a set of 8 sediment cores (6.4 cm diameter) with benthic algae and minerogenic sediment (height ,6 and 4 cm, respectively) and overlying water (height ,15 cm) from the lake at ,1 m depth. We placed the cores in a climate chamber at lake temperature and at a light level of 110 mmol photons m 22 s 21 . This value was optimal because it exceeds the irradiance level at the onset of photosynthetic light saturation for many freshwater algal taxa (Kirk 2011 ). We waited 3 h to allow potentially disturbed sediment to settle (we did not observe any perturbation) before we removed the overlying water until 1 cm of water remained above the sediments. To label benthic algae, we added the 14 C tracer (740 kBq of NaH 14 CO 3; Perkin-Elmer Inc., Waltham, Massachusetts) as slowly and evenly as possible to the water above the sediment with a micropipette. We filtered the removed water through precombusted (400uC, 3 h) glass-fiber filters (0.7-mm nominal pore size; Whatman GF/F, Maidstone, UK) to remove large phytoplankton and grazers. Two hours after labelling the sediments, we carefully replaced the filtered water on the core.
We incubated 4 cores in optimum light levels and 4 cores in darkness with their tops open in climate chambers for 48 h. We stirred the water overlying the sediments manually with a glass rod every 8 h. Treatments under optimal light conditions represented OC release rates from benthic algae, whereas treatments in the dark represented baseline levels of OC release without benthic algae production.
We took water samples from the cores with a 20-mL syringe after 0, 16, 24, and 48 h to measure OC release from the sediment ( 14 C activity, in Bq). We measured 14 C activity by transferring 3-mL subsamples to 20-mL scintillation vials and acidifying with 6 mL of 6 M HCl. We left the vials under a fume hood overnight without caps to permit evaporation of 14 C-labelled dissolved inorganic C (DIC). We converted the 14 C release to C units as:
where O
14
C is the total labelled OC released to the water column (dark values were subtracted from corresponding light values), 1.06 is the isotopic discrimination factor ( 14 C is assimilated ,6% more slowly than 12 C; Wetzel and Likens 2000) , DIC is the dissolved inorganic C in the water above the sediments, NaH 14 CO 3ADD is the amount of 14 C added at the beginning of the experiment, and 48 h is the time of incubation. We estimated the amount of labelled OC in the sediments as % added 14 C that was not retrieved in the water, assuming negligible losses of the initial 14 C to the atmosphere because of the circumneutral pH of lake water (Karlsson et al. 2001 ) and the fact that lake water was not supersaturated with CO 2 (Karlsson et al. 2002) .
Laboratory experiment 2
We conducted a short-term experiment with water collected from above the sediments to assess the limiting factors for pelagic PP and BP in Lake 6. We applied 4 treatments with 4 replicates each to 500 mL of water in 1-L bottles: C (1 mg C/L as glucose), N (300 mg N/L as NH 4 NO 3 ), P (20 mg P/L as Na 3 PO 4 ?12H 2 O), and control (ctrl no addition). Two days later, we collected more water from the lake and ran the combined additions of N+P and C+N+P (molar ratio 129:22:1) and a control. Pelagic BP and PP did not differ between the controls from the 2 sampling occasions (t-tests, p . 0.05) and the experimental conditions were the same, so we pooled the data and averaged the controls.
We incubated the experimental bottles at lake temperature and optimum light conditions and shook
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ORGANIC C RELEASE BY BENTHIC ALGAEthem at 8-h intervals. After 3 d, we used the 14 Cmethod (Schindler et al. 1972) as described in Karlsson et al. (2002) to measure pelagic PP (dissolved and particulate OC). We filled 43-mL plastic tubes with water from each bottle (3 tubes/bottle), added 20 mL of NaH 14 CO 3 (3.7 MBq/mmol), and incubated the tubes for 4 h in climate chambers in light (2 tubes/ bottle) and dark conditions (1 tube/bottle). We terminated incubations by acidifying 5 mL of each sample with 50 mL of 1 M HCl. We added scintillation liquid (10 mL; Optiphase HiSafe 3, Perkin-Elmer) to the samples and measured the 14 C activity in a Beckman LS 6500 scintillation counter (BeckmanCoulter, Fullerton, California). We measured sample DIC from 4 mL of water acidified with 20 mL of 6 M HCl in a gas chromatograph (CP4900; Varian, Palo Alto, California).
We used the 3 H-leucine incorporation method described by Smith and Azam (1992) to estimate pelagic BP. We incubated triplicate 1.2-mL samples from each bottle in the dark for 1 h in Eppendorf tubes. One of 3 samples served as a control, so we added 65 mL of 100% trichloroacetic acid (TCA) to kill bacterioplankton before adding the radioisotope. We added 3 H-leucine (5.85 TBq/mmol; Perkin-Elmer) to each tube for a final concentration of 50 nM. We ended the incubation by adding 65 mL of 100% TCA. We then vortexed samples, centrifuged them for 10 min at 12,000 rpm, and discarded the supernatant. We rinsed samples twice by adding 1.2 mL of 5% TCA, vortexing, centrifuging, and discarding the supernatant. Last, we added 1.2 mL of scintillation liquid (Optiphase HiSafe 3, Perkin-Elmer) and measured 3 H activity with a Beckman LS 6500 scintillation counter. We converted 3 H-leucine incorporation rates to C units with the method of Simon and Azam (1989) .
Field experiment
We used a mesocosm experiment to assess effects of benthic OC on pelagic production in the natural environment. We placed 8 transparent plastic enclosures (mesocosms) with wooden frames (1.2 3 1.2 3 1.5 m tall) close to shore at ,1 m depth. The enclosures were 1.5 m high to allow us to ground them in the sediment and still have them reach well above the water surface. Average depth and volume of the mesocosms were 0.7 m and 960 L, respectively. We buried the plastic walls of 4 mesocosms in the sediment (benthic + pelagic system, treatment = ''with sediment''), whereas we enclosed the bottoms of the other 4 mesocosms with the same plastic material used for the sides to exclude the sediment and the associated benthic algae (pelagic system, treatment = ''without sediment'').
We began sampling 1 d after installing the mesocosms (day 1) to allow resettling of disturbed sediment, which we minimized by working from a boat. The experiment lasted 17 d. One of the enclosures with sediment was lost at the beginning of the experiment. During the experiment, we observed no signs of biofilm colonization on the mesocosms' walls, and in similar short-term mesocosm experiments in unproductive lakes (Vrede 1996 , Jansson et al. 2006 , effects of wall films on processes in the water column were negligible.
We used a Ruttner sampler to collect 1.5-L water samples from each mesocosm every 4 d. We transported the water to the laboratory in darkness and used the methods described above to analyze it within 2 h for pelagic BP and PP. We filtered 20 mL samples for dissolved organic C (DOC) analyses through precombusted (400uC, 3 h) glass-fiber filters (Whatman GF/F). We preserved the filtrate with 40 mL of 6 M HCl and analyzed it within 48 h in a Shimadzu TOC-5000 total C analyzer (Shimadzu, Kyoto, Japan).
Statistical analyses
Laboratory experiment 1.-We used repeated measures analysis of variance (rmANOVA) to test the effects of light (light vs dark), time, and their interaction on 14 C release from sediments to the overlying water. The interaction between factors was significant, so we ran multiple comparisons (Bonferroni test) to identify significant differences between light and dark treatments at each time and to identify differences within treatments over time.
Laboratory experiment 2.-We used 1-way ANOVA to test for differences in pelagic BP and PP among the 5 treatments (C, N, P, N+P, C+N+P) and the control. We used Tukey post hoc comparisons to identify treatments that were significantly different from the others. We log(x)-transformed PP to meet assumptions of normality and homogeneity of variance.
Field experiment.-We used rmANOVA to test for effects of sediment (with vs without), time (5 dates), and the sediment 3 time interaction on PP, BP, PP/BP, and DOC. When the sediment 3 time interaction was significant, we used multiple comparisons testing (Bonferroni test) to identify significant differences between sediment treatments on each date and to identify differences over time within each sediment treatment. If the interaction between factors was not significant (BP), we used Tukey post hoc comparisons to identify which treatments and dates were significantly different from the others (Zar 2010) . We ran all statistical tests in SPSS for Windows (version 15; SPSS, Chicago, Illinois).
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Results
Laboratory experiment 1
14 C activity in the water overlying the sediments increased during the experiment (Table 1) showing a net flux of labelled OC from the sediments to the water. The increase was greater in the light than in darkness (48 h, p , 0.001; light treatment, p = 0.03). The OC release rate from the sediments attributed to benthic algal photosynthesis (light -dark) was ,45.4 ng C m 22 h 21 .
Laboratory experiment 2
Pelagic BP increased when P was added alone or in combination with N and reached maximum values when P was supplied in combination with N and C.
Addition of C or N alone did not affect pelagic BP, a result suggesting that pelagic BP was limited primarily by P, with C as a secondary limiting nutrient (1-way ANOVA, F 5,22 = 133.4, p , 0.0001; Fig. 1A ). Pelagic PP (mean 6 SD = 0.012 6 0.008 mg C L 21 h 21 ) was consistently lower than pelagic BP (3.2 6 6 mg C L 21 h 21 ) and increased relative to the control only when N and P were added together (1-way ANOVA, F 5,21 = 15.2, p , 0.0001, Fig. 1B ), a result indicating colimitation by these nutrients.
Field experiment
Pelagic BP was lower in mesocosms without than with sediment ( Fig. 2A) and changed significantly over time (Table 2) . Pelagic BP was significantly higher on day 13 than on other sampling dates (p , 0.05). The sediment 3 time interaction significantly affected PP (Table 2, Fig. 2B ). The magnitude of this interaction was negligible in mesocosms with sediment (p . 0.05). In mesocosms without sediments, PP decreased significantly between days 13 and 17 (p = 0.03). The pelagic PP/BP quotient was always ,0.5 and did not differ over time within sediment treatments (without sediment, p = 0.38; with sediment, p = 0.74). The quotient differed between sediment treatments only on day 13 (p = 0.03).
DOC concentration was higher in mesocosms with sediment (4.41 6 0.61 mg/L) than without sediment (4.12 6 0.44 mg/L) (Fig. 2C) . The sediment 3 day interaction was significant (Table 2) , and differences between treatments were detected on days 9 (p = 0.03) and 17 (p = 0.002).
Discussion
Our
14 C labeling experiment demonstrated that the sediment took up labeled DIC, accumulated labeled OC, and released labeled OC to the overlying water when the experimental clear-water systems were exposed to light (Table 1) . We also showed that sediments stimulated BP in the water above the sediment ( Fig. 2A) . Therefore, we attribute the high BP to the release of OC from benthic algae. These results indicate that organic exudates from growing epipelic 
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ORGANIC C RELEASE BY BENTHIC ALGAE 179 algae had positive effects on the growth of bacterioplankton and that this effect was hampered by inorganic nutrient limitation of BP (Fig. 1A) . The 14 C labeled OC in the water constituted ,10% of the net accumulation of O 14 C in the surface sediment (Table 1) , and the field experiment demonstrated substantial changes in the dissolved organic matter pool of the water when OC release from sediments was prevented. Our data do not permit firm conclusions about the composition and bioavailability of released OC, but a reasonable assumption is that these exudates are labile and can be exploited by heterotrophic bacteria (Kamjunke et al. 2006) . Assimilation of exudates on the sediment surface and respiration of exudates in the water column during the experiment mean that the release of OC by benthic algae exceeded the 10% we retrieved as OC in the water column. For our purposes, we can neglect possible consumption of DOC in the sediment and focus on DOC that is released to the lake water. Assuming that heterotrophic bacterioplankton metabolize all of the OC released to the water column with a bacterial growth efficiency (BGE) of 20% (del Giorgio and Cole 1998), the release would be 53 higher than the OC accumulation, a result implying that release to the water column is 50% of the net accumulation in the sediment. Other investigators have shown that as much as 80% of the C accumulated in benthic algae can end up in organic exudates that can be metabolized in the sediment and the water above the sediment (Perkins et al. 2001 , Wolfstein et al. 2002 , Stal 2003 .
The possible stimulatory effect of benthic algal exudates on pelagic BP has not been addressed quantitatively in other studies. The low PP relative to BP in the lake water ( Figs 1A, B, 2A , B) clearly shows that phytoplankton could support only a minor part of the bacterioplankton C demand. Based on results of studies in similar lakes in the area, pelagic PP generally sustains only ,20% of bacterioplankton C demand (Ask et al. 2009b ). Thus, the missing C must be derived from OC released from the sediments or from OC imported from the catchment. In brownwater lakes the input of terrestrial C is high, but researchers have questioned whether recalcitrant terrestrial OC alone could sustain the relatively high bacterial C demand in many clear-water lakes (Karlsson et al. 2002 , Kritzberg et al. 2004 .
We combined our results (OC exudates) with results from studies of summer rates of PP and BP in water and sediments in other shallow clear-water lakes (Ask et al. 2009b ) to assess the possible pelagic bacterial use of OC released by benthic algae. We assumed that 10 (minimum) to 50% (maximum) of net [Volume 32
benthic PP could be released to the lake water as labile OC, which implies a summer mean input to lake water from sediments < 10-50 mg C m 22 d 21 . If we assume a BGE of 20% (del Giorgio and Cole 1998), then 2 to 10 mg C m 22 d 21 could be used for BP. This range corresponds to ,20 to 100% of total BP or 25 to 120% of the bacterioplankton not covered by phytoplankton production reported by Ask et al. (2009b) . These simple estimates imply that the benthic OC release has the potential to sustain a significant share of the bacterioplankton production in shallow clearwater lakes like our study lake. These results are in agreement with a recent study of winter metabolism in the lake in which OC released from epipelic algae supported, presumably via heterotrophic bacterioplankton, a major part of zooplankton growth (Karlsson and Sä wströ m 2009). The process is an example of how microbial loops can function across habitats, where heterotrophic bacteria in the pelagic habitat exploit autotrophic OC generated in the benthic habitat.
The release of benthic OC can affect overall lake metabolism through its effects on lake-water nutrient stoichiometry, nutrient limitation in bacterioplankton and phytoplankton, and ultimately the balance between phytoplankton and bacterioplankton production. Bacterioplankton use of benthic OC was suboptimal because of nutrient limitation (Fig. 1A) . Use of benthic algal exudates should increase the bacterioplankton demand for N and P with secondary effects on phytoplankton nutrient limitation. Consequently, the OC release could affect C:nutrient resource stoichiometry of the lake water and increase the competition for nutrients between bacterioplankton and phytoplankton. In laboratory and whole-lake experiments, introduction of organic substrates favors bacterial growth at the expense of phytoplankton growth (Currie and Kalff 1984, Blomqvist et al. 2001) . Thus, benthic OC release may repress pelagic PP, which could help explain why benthic PP often is an order of magnitude higher than pelagic PP in small clear-water lakes (Vadeboncoeur et al. 2003 , Ask et al. 2009b and why bacterioplankton production is several times higher than phytoplankton production in clear-water lakes (Karlsson et al. 2001 (Karlsson et al. , 2002 . 
